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Abstract Sudden commencements (SCs) are rapid increases in the northward component of the
surface geomagnetic field, related to sharp increases in the dynamic pressure of the solar wind. Large rates
of change of the geomagnetic field can induce damaging currents in ground power networks. In this work,
the effect of SCs on the (1 min) rate of change of the surface magnetic field (R) at three U.K. stations is
investigated. The distributions of R during SCs are shifted to higher values than the data set as a whole.
Rates of change greater than 10 nT/min are 30–100 times more likely during SCs, though less than 8%
of the most extreme R (≥ 99.99th percentile) are observed during SCs. SCs may also precede geomagnetic
storms, another potential source of large R. We find that the probability of observing large a R is greatly
enhanced for 3 days following an SC. In the 24 hr following an SC it is 10 times more likely than at any
given time to observe rates of change between 10 and several hundred nT/min. Additionally, between 90%
and 94% of data (depending on station) above the 99.97th percentile is recorded within 3 days of an SC. All
values of R ≥ 200 nT/min in the United Kingdom have been observed within 3 days of an SC. These
results suggest that accurately predicting SCs is critically important to identify intervals during which
power networks at similar geomagnetic latitudes to the United Kingdom are at risk from large
geomagnetically induced currents.
1. Introduction
As a consequence of Faraday's law, temporal variations in a magnetic field will result in an induced electric
field. Thus, temporal variations in Earth's surface magnetic field, caused by currents flowing through the
upper atmosphere and in the magnetosphere, create electric potential differences across the Earth's surface.
Consequently, currents will flow through conductors connected to the ground, such as power lines (Lehtinen
& Pirjola, 1985). Such externally sourced currents in power networks, known as geomagnetically induced
currents (GICs), can distort the waveforms inside transformers, potentially leading to damage (Boteler,
2003; Boteler et al., 1998; Kappenman, 2005). Indeed, sufficiently large rates of change of the geo-
magnetic field, and the resulting large GICs, can disrupt power networks. The most famous example of this
is the Hydro-Quebec blackout in March 1989 (Bolduc, 2002).
The exact magnitude of GICs at any given location depends on the precise configuration of the power
network, variations in the local ground conductivity, and the rate of change of the surface magnetic field
(Beggan, 2015; Boteler, 2014; Thomson et al., 2005; Viljanen et al., 1999, 2013, 2014) with larger rates of
change of the surface magnetic field driving larger GICs in a given network (Bolduc et al., 1998; Viljanen 
et al., 2001). For example, during the Hydro-Quebec event in 1989 the maximum ground magnetic field
change measured was 479 nT/min, though significant GICs have been observed for values as low as
100 nT/min at other locations (Kappenman, 2003, 2006).
The largest ground magnetic field perturbations are most often associated with geomagnetic storms
(Kappenman, 1996; Kappenman & Albertson, 1990); indeed, storms may be defined by magnetic indices
that are derived from the observed range of surface field observations (e.g., Ap or Kp). Storms themselves
often commence with a rapid increase in solar wind dynamic pressure (Araki, 1977, 1994; Chapman
& Ferraro, 1931, 1932). Physically, these rapid pressure changes correspond to a shock, usually
found at the interface between the fast and slow solar wind streams (a corotating interaction region,
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also enhance magnetopause currents, causing a sudden increase in the strength of the horizontal (H) com-
ponent of the geomagnetic field at the ground. When observed in ground magnetometer data, this increase
in H is known as a sudden commencement (SC) (Chree, 1925; Fiori et al., 2014; Lühr et al., 2009;  Takeuchi
et al., 2002). SCs can be further subdivided into two categories: storm sudden commencements (SSCs)
and sudden impulses(SIs), which share the same physical origin (Curto et al.,2007). If the sharp increase in
the H component is followed within a few hours by a geomagentic storm, then it is termed an SSC, and if a
storm is not initiated, then it is known as an SI.
Observations of the solar wind and interplanetary space may enable the prediction of the impact of CIRs
and CMEs and consequently the prediction of SCs. CIRs are linked to the fast solar wind originating from
coronal holes and recur with a ∼ 27 day period (e.g., Gosling & Pizzo, 1999; Bothmer et al., 1999). On shorter
timescales (∼ 1 day), the progress of CMEs through interplanetary space can be tracked (e.g., Harrison et al.,
2017) and modeled (e.g., Zhao & Dryer, 2014). Finally, with an even shorter lead time (< 1 hr), the structures
may be observed by ACE or WIND at L1 prior to impact. These methods enable forecasting and are therefore
useful from the perspective of predicting adverse space weather effects, that is, potential GICs from SCs and
the following geomagnetic storms.
As mentioned above, large rates of change of the geomagnetic field are most often associated with the inten-
sification of auroral currents during geomagnetic storms and substorms (e.g., Kappenman & Albertson,
1990; Kappenman, 1996; Pulkkinen et al., 2005; Pulkkinen et al., 2012; Ngwira et al., 2013; Freeman et al.,
2019). However, the United Kingdom covers a range of latitudes between ∼ 45◦ and 60◦ and therefore does
not often observe the direct effects of the auroral current systems. SCs meanwhile are a global phenomena,
and their adverse impact on middle-to-low latitude power grids has been documented (Beland & Small,
2004; Carter et al., 2015; Kappenman, 2003; Marshall et al., 2012; Zhang et al., 2015).
The initial ground response to an SC is complicated, with multiple components that vary with both latitude
and local time (e.g., Curto et al., 2007, and references therein). At low latitudes the change in the H com-
ponent resembles a step function, caused by the increase in the magnetopause currents. Near the equator
this signature may be complicated by enhancements of the equatorial electrojet (Carter et al., 2015). Mean-
while, at high latitudes the change in H shows a two-pulse structure, theorized to be caused by field-aligned
and ionospheric currents (Araki, 1977, 1994). The latitude at which this two-pulse structure appears
and then dominates is variable, and such a signature can sometimes be observed at middle-to-low latitudes
(Araki et al., 2006; Kikuchi et al., 2001). However, for the majority of events, the amplitude of SCs is
observed to increase with increasing latitude (Fiori et al., 2014; Lühr et al., 2009).
Recently, Freeman et al. (2019) studied the effects of substorms, an intermittent cycle of energy storage and
release in the magnetosphere (Akasofu, 1964; McPherron et al., 1973), on the rate of change of the surface
magnetic field (R) at three U.K.-based magnetometer stations. They found that the occurrence frequency
of large values of R decreased with decreasing station latitude. Additionally, over half of large (≥ 99th per-
centile) and extreme (≥ 99.97th percentile) values of R were found within substorm expansion and recovery
phases, which constituted only 13.4% of the data set. This therefore showed an enhanced risk of large GICs
in the U.K. power network during substorm intervals.
Building on the work of Freeman et al. (2019), we examine the influence of SCs on the rate of change of
the horizontal ground magnetic field in the United Kingdom. Section 2 will describe the data used and
definitions employed by this study. Section 3 will then explore the SC-related rate of change of the magnetic
field, in terms of both the immediate impact of SCs and the delayed response of the geomagnetic system.
Section 4 will then discuss the results in the context of magnetic latitude and the risk of large GICs in the
United Kingdom.
2. Data and Definitions
We use the methodology outlined in Freeman et al. (2019) to investigate the effect of SCs on the surface
magnetic field rate of change observed in the United Kingdom. We use data from the three INTERMAG-
NET observatories located in the United Kingdom, operated by the British Geological Survey. The Hartland
observatory (henceforth HAD) is the lowest-latitude station, located in southwest England at (50.995◦N,
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Figure 1. A 2 hr interval showing the impact of a sudden commencement on the horizontal field at three U.K.
magnetometer stations. The top panel (a) shows the dynamic pressure of the solar wind from the OMNI database.
From left to right, the lower rows show data for each station in turn (HAD, ESK, and LER from left to right). The
middle row (b–d) shows the horizontal components of the magnetic field with a 2 hr mean value subtracted, while the
bottom row (e–g) shows the rate of change of the horizontal magnetic field, calculated from equation (1). The red bar
indicates the duration of the SC from the catalog.
355.516◦E) in geographic coordinates. The Eskdalemuir (ESK) observatory is at a higher latitude near Eng-
land/Scotland border (55.314◦N, 356.794◦E). Finally, the Lerwick (LER) observatory is the highest latitude
station on an island north of mainland Scotland (60.138◦N, 358.817◦E). The observatories are approximately
evenly spaced over the full latitudinal extent of the United Kingdom. We use 1 min averaged data from 1996
to 2016 (inclusive), spanning almost two solar cycles and providing a total of ∼ 11 million data per station.
2.1. Rate of Change
In this work we investigate the rate of change of the horizontal component of the surface magnetic field
vector H = (X,Y), where X and Y are the geographic northward and eastward components, respectively. We






[X(t + 𝛿t) − X(t)]2 + [Y (t + 𝛿t) − Y (t)]2
𝛿t
(1)
Other studies have used the rate of change of the magnitude of H, for example, Thomson et al. (2011). The
advantage of our definition is that it captures directional changes of the field when the field magnitude
remains constant. Such directional changes can also result in GICs (e.g., Beggan, 2015). With this definition
we avoid any assumptions regarding the direction of the currents and their orientation relative to the power
network.
2.2. SCs
The International Service on Rapid Magnetic Variations (part of the International Service of Geomagnetic
Indices), based at Ebre Observatory, maintains a catalog of SCs dating from 1869 to the present day. The
SCs are identified based on the visual inspection of data from a network of five widely spaced, low-latitude
magnetic observatories (Curto et al., 2007). The lists for each year can be found online (at: http://www.
obsebre.es/en/rapid).
For this study we use the event lists covering the same period as the ground-based magnetometer data
(1996–2016). Overall this time period contains 380 SCs, comprising a total of∼ 1, 900 min of data. From 2006
onward the events are already classified as being SSC- or SI-type events. However, this classification is not
present for the data between 1996 and 2005, and we therefore apply our own simple criterion to the full cata-
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Figure 2. PDFs of R for the HAD (a), ESK (b), and LER (c) magnetic observatories for data obtained between 1996 and
2016 (inclusive). In the top row black and red data represent the PDFs from the total data set and that obtained during
SCs, respectively. The vertical dotted, dot-dashed, and dashed lines represent the 90th, 99th, and 99.97th percentiles for
each distribution. The shaded region shows the 68.27% confidence interval, assuming the general Poisson distribution.
The lower row shows the PDFs for all three stations for the full data set (d) and during SCs (e).
log based upon existing criteria in the literature. If the Sym-H index falls to ≤ 50 T in the 24 hr following the
SC then we classify it as an SSC; if it does not then it is classed as an SI. This is similar to other criteria used to
define geomagnetic storms (Gonzalez et al., 1994; Reeves et al., 2003; Turner et al., 2015), and SSCs (Curto
et al., 2007; Fiori et al., 2014). A large majority of our classifications post-2006 are consistent with their
original designation in the catalog: Only 7% are different. These all correspond to events that either showed
storm-like activity more than 24 hr after the SC or alternatively showed a Kp enhancement but more modest
Dst changes. Our definition of an SSC does not include a criterion regarding changing magnetic “rhythm”
(Mayaud, 1973) and therefore may be slightly restrictive; however, it is simple and easily reproducible.
An example SC at the three U.K. stations is shown in Figure 1. The top panel shows the solar wind dynamic
pressure as recorded in the OMNI database (http://nssdc.gsfc.nasa.gov/omniweb/), containing measure-
ments propagated from the L1 point to the bowshock. The middle row shows the background subtracted
horizontal components of the geomagnetic field, while the lower panels show the rate of change: R (using
equation (1)). The SC interval identified from the catalog start time and duration is highlighted in red and
encompasses a sharp increase in solar wind dynamic pressure, and corresponding rapid changes in the hor-
izontal field at all three U.K. stations, and therefore large values of R. For this particular event the largest
value of R is recorded at ESK, while lower values are observed at HAD and LER. We discuss the relative mag-
nitudes of R as a function of latitude below in section 3.1. Note that at HAD the change in the X component
is greater than the change in the Y component, indicating a change in both magnitude and direction, justify-
ing our definition of R in section 2.1. In contrast, at LER these changes are more similar in both components,
indicating a smaller change in direction.
3. Results
3.1. Statistics of R During SCs
We analyze the statistics of R between the start and end of SCs. Figure 2 shows the probability density func-
tions (PDFs) of R from the (a) HAD, (b) ESK, and (c) LER stations. The binning of the PDF is performed
as described by Freeman et al. (2019), with bins algebraically increasing in width and so evenly spaced in
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Table 1
Percentiles From Figure 2
Percentile HAD ESK LER
All 90th 1.5 2.2 2.2
99th 4.2 6.8 8.4
99.97th 18.8 38.8 64.2
SC 90th 17.4 26.7 20.5
99th 61.7 86.5 58.8
99.97th 182.0 240.6 182.9
Note. Values are provided in units of nT/min.
log R. The black crosses show the PDFs of R from the entire interval under all conditions, while the red
crosses show PDFs of the data recorded during the ∼ 19, 00 min of SC activity. The colored vertical lines in
Figures 2a–2c show the 90th (dotted), 99th (dot-dashed), and 99.97th (dashed) percentiles of correspond-
ingly colored PDFs. These percentiles were chosen to enable simple comparison with previous results from
Freeman et al. (2019). However, given the relatively small size of the SC data set the 99.97th percentile should
be treated with some caution. The values of the chosen percentiles are also provided in Table 1.
At all three stations, the probability of the occurrence of R ≤ 1 nT/min is lower during SCs than for the
data set as a whole, and the probability of recording a value of R ≥ 1 nT/min is higher during SCs. It is
worth noting that the PDF at low R (e.g., ≤ 1 nT/min) during SCs will be affected by the detectability of SCs:
SC-like events with small rates of change will be less likely to be manually identified and selected. The PDFs
cross over each other close to the 90th percentile of all data at each station. At a value of R ∼ 100 nT/min the
PDFs obtained during SCs are approximately 2 orders of magnitude greater than for the overall distribution
at HAD and ESK. The difference is approximately 1 order of magnitude at LER.
Examining the full data set, the values of R for the equivalent percentiles increase with latitude meaning
that, overall, higher values of R are more likely at LER than at HAD. This is also clearly shown by the PDFs
in Figure 2d. This result was previously reported by Freeman et al. (2019), and is likely due to the relative
locations of HAD, ESK, and LER to the auroral current systems that reside at high latitudes. In contrast, the
percentiles of R during SCs are largest at ESK, while HAD and LER display similar values (to within a few
nT/min).
At the lowest latitude station, HAD, the 90th percentile of the SC data set roughly corresponds to the 99.97th
percentile of the entire data set. At ESK, the 90th percentile from the SC data set lies between the 99th and
99.97th percentiles from the full data set. Finally, at the highest latitude, LER, the 99th percentile of the SC
data set roughly corresponds to the 99.97th percentile of the full data set. These results can be visualized as
a large separation between the PDFs at large R in Figure 2a and increasingly small separations moving to
Figures 2b and 2c. Therefore, as you move toward lower latitudes a greater fraction of the large and extreme
values of R occur during SCs. Thus, we would expect HAD to show the greatest fraction of extreme R to be
related to SCs, compared to ESK and LER.
To explore this further, Figure 3 shows the percentage of the data set above different thresholds of R that
occur during SCs. Figure 3 is plotted as a function of percentile of R to make the three stations directly
comparable. The values of the marked percentiles for each station are provided at the top for context. At
ESK 2–2.5% of the values of R that are greater than that the 99.8th percentile occur during SCs, and this
percentage is fairly consistent moving toward larger percentiles. A similar result can be seen for LER where
∼ 0.75% of the values of R that exceed the 99.8th percentile (and higher) are recorded during SCs. In contrast,
at HAD the percentage of R values greater than a given percentile increases from 2.5% at the 99.8th percentile
up to a maximum of ∼ 8% for values of R above the 99.99th percentile. In context, using the values of the
percentiles at the top, at HAD ≥ 5% of the values of R that exceed ∼ 20 nT/min can be explained by SCs.
Conversely, at the lowest latitude station, HAD, the vast majority (≥ 90%) of the extreme values of R are
caused by phenomena other than SCs. At higher latitudes, over 97.5% and 99% of the extreme values of R (i.e.,
≥ 99.97th percentile) are not related directly to SCs, at ESK and LER, respectively. However, SCs are known
to often be followed by further magnetospheric activity, driven by the sharp increase in solar wind dynamic
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Figure 3. The percentage of data attributed to SCs that exceeds a percentile of the distribution of all R. The shaded
region shows ±68.27% confidence interval, assuming the general Poisson distribution. The corresponding values of R
for the marked percentiles are provided at the top for each station.
pressure. In particular the SSC subset of SCs is defined as those SCs which are followed by geomagnetic
storms. Below we will evaluate SC-related activity following the event itself.
3.2. Statistics of R Related to SCs
Similar to Figure 2, Figure 4 shows PDFs of R from HAD, ESK, and LER, with the addition of distribu-
tions corresponding to data obtained within the 24 hr following an SC (orange), and the data unrelated to
any activity following an SC (blue). The “unrelated” data set is composed of all intervals that begin 7 days
following the onset of one SC extending to the onset of the next SC.
Inspecting the top row of Figure 4, for almost all values of R, the PDFs of the 24 hr following an SC (orange)
are intermediate between the overall PDF (black) and the SC subset (red). Below R ∼ 2 nT/min the proba-
bility density is greater than that found during SC intervals, while above this point the probability density
is less than that observed during SCs. The difference between the SC intervals and the following day above
R ∼ 2 nT/min is greatest at HAD, while at LER the two distributions are most similar. Removing any data
related to SCs or the days following, the unrelated PDF in blue, displays a smaller value of the PDF at values
of R ≥ 10 nT/min, compared to the complete data (in black).
The lower panels of Figure 4 show the ratio of the PDFs of subsets of the data to the overall distribution. The
chosen subsets are the data unrelated to SCs, during SCs, and in the intervals 24 hr after an SC. For all three
stations the data unrelated to SCs (blue) comprise the majority of the data set (i.e., are constant at a ratio
of ∼ 1) below R ∼ 2 nT/min. Above R ∼ 2 nT/min the unrelated distribution drops rapidly: The relative
probability of large R at times unrelated to SCs is fairly low. This is most evident at HAD, while LER shows
the smallest dropoff. Meanwhile, during SCs (in red) the probability density of large values of R is greatly
enhanced. At HAD and ESK values of R greater than 10 nT/min are over 100 times more likely, while at LER
they are around 30–40 times more likely. Also, in the 24 hr following an SC values exceeding 10 nT/min are
over 10 times more likely at all stations.
The length of a geomagnetic storm is not fixed, and there is a delay between an SSC and the minimum
value of Dst/Sym-H. To explore the effect of such delayed activity Figure 5 shows how the values of the
90th, 99th, and 99.97th percentiles vary with the number of days following an SC. On the time axis, a value
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Figure 4. (a–c) PDFs of R for the full data set (black), during SCs (red), the interval 24 hr following an SC (orange), and data unrelated to SCs (blue). (d–f) The
ratio of the PDFs at each value of R to the total data set. From left to right the columns represent the data collected at the HAD, ESK, and LER stations.
of 0 represents the few minutes defined as the SC itself, while a value of 1 then corresponds to the 24 hr
following the SC, 2 to the period 24–48 hr following the end of the SC, and so on. The horizontal dashed
lines in Figure 5 show the percentile values for the data unrelated to SCs (defined as above).
At HAD (Figure 5a) all three chosen percentiles are largest during the SC itself (“Day 0”), and then drop
rapidly until they reach the background levels within 4 days of the SC. The same pattern is found for the
ESK observations (Figure 5b). However, at LER (Figure 5c) the highest percentile (99.97th) is slightly greater
during the 24 hr following the SC. With this exception, the percentiles at LER then drop until the fourth day
following the SC, when the percentiles have returned to values comparable with the background.
Figure 5. The variation in the 90th, 99th, and 99.97th percentiles of R as a function of time after a sudden commencement, presented for the HAD (a), ESK (b),
and LER (c) stations. The horizontal dashed lines represent the percentiles obtained from intervals unrelated to SCs (defined as being at least 7 days after an SC).
SMITH ET AL. 1611
Space Weather 10.1029/2019SW002281
Figure 6. The percentage of all data that is recorded during or within 1–3 days of an SC (a–c), SSC (d–f), or SI (g–i), as a function of R for the HAD (a, d, g),
ESK (b, e, h), and LER (c, f, i) stations. Format for each panel is similar to Figure 3. The vertical dotted, dot-dashed, and dashed lines represent the 90th, 99th,
and 99.97th percentiles for all data from each station.
Figure 5 shows that the percentiles are elevated at all three stations for several days following the defined
SC intervals. In addition to possessing elevated percentiles, these periods represent a much larger amount
of data than the SCs themselves, and thus it is instructive to reassess the percentage of data related to SCs
that exceeds percentiles/values of R (e.g., Figure 3) including the several days following SCs.
Similar to Figure 3, Figures 6a–6c show the percentage of all data exceeding a given value of R that is recorded
either within an SC, or up to 3 days after an SC. The 3 day interval was selected from inspection of Figure 5:
the enhanced R values related to SCs abates after a period of approximately 3 days. As a baseline, in the
entire data set approximately 4%, 9%, and 13% of the data are within 1, 2, or 3 days of an SC respectively, that
is, the values on the left of Figures 6a–6c. The vertical dotted, dashed, and dot-dashed lines show the 90th,
99th, and 99.97th percentiles of all data recorded at each station.
From Figures 6a–6c, SCs represent a very small portion of the data, and as discussed in the context of
Figure 3, this holds at large R. In fact, the relatively sharp increase in percentage at HAD that appeared in
Figure 3 (as a function of percentile) can be seen here to be relatively modest increase/plateau as a function
of R. Taking this asymptotic behavior and extrapolating beyond the observed range would indicate that SCs
themselves are likely of little importance for very extreme R (i.e., R ≥ several hundred nT) in the United
Kingdom. The sharp increase in percentage above 100 nT/min at HAD corresponds to a level at which there
is very little data (signified by the large shaded confidence interval).
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Incrementally including the data from the days following the SC can be seen to increase the percentages
dramatically at all three stations. The largest increase is found by including data from the 24 hr immediately
following the SC. For each of these curves in turn, a much greater percentage of the data is associated with
SCs as the value of R increases. For example, including the 24 hr following the SC (the dashed lines in
Figures 6a–6c, above the 90th percentile between 15% and 17% of the data is associated with SCs. However,
above the 99.97th percentile between 70% and 75% of the data above the 99.97th percentile are present. If the
window following the SC is increased to 72 hr, the percentage of associated data above the 99.97th percentile
rises to between 90% and 94%. Further, all R ≥ 200 nT/min occurs within 3 days of an SC.
In general, the percentages in Figures 6a–6c can be seen to decrease slightly as the stations increase in
latitude, that is, moving from (a) to (c). This is likely a result of the increased contribution of large R from
auroral currents at the higher latitudes, for example, during substorms (Freeman et al., 2019).
3.3. Effect of SC Type on the Statistics of R
As discussed above, there are two classes of SC: SIs and SSCs, a split that is made ex post facto by examining
the minimum Sym-H in the 24 hr following the SC. From the original 380 SCs, 215 are associated with a
minimum Sym-H ≤ −50 nT in the following 24 hr and we therefore classify them as SSCs. It is reasonable to
expect that SSCs would be associated with longer lasting, and possibly larger rates of change of the magnetic
field, both during the SC itself and in the following interval.
Figures 6d–6f show the percentage of all data that are recorded during or up to 3 days after an SSC-type event,
that exceeds a value of R. Figures 6g–6i show the same but for SI-type events. The format for each panel is
similar to Figure 3. For SSC-type events it can be seen that they very closely resemble the top row of Figure 6
(plotted for all SCs): a very large fraction of the data exceeding the 99.97th percentile are recorded within
3 days of an SSC. In contrast, very little data at large R is associated with SI-type events (Figures 6g–6i).
The percentages associated with SI-type events peak between the 90th and 99th percentiles at ∼ 8% of the
data (within 72 hr) at all three stations. An almost negligible amount of the data at large R (≤ 1% for the all
plotted values) is associated with SI intervals. This comparison suggests that not only do SSCs cause greater
initial values of R than SIs, but only they are followed by significantly high R in the next few days due to the
geomagnetic storm.
4. Discussion
In this work the value of R (the rate of change of the horizontal component of the magnetic field) has been
taken to be a proxy for the threat to U.K. power systems from GICs. However, the true magnitude
of GICs is also dependent upon factors such as as the relative geometry of the power grids and the
local ground conductivity (Beggan, 2015; Thomson et al., 2005; Viljanen et al., 1999, 2013, 2014)
Though large rates of change of the surface magnetic field are good predictors of GICs (Viljanen
et al., 2001), significant power network impacts have been observed for relatively small rates of change
(Kappenman, 2006). With this in mind we will now discuss the results concerning the rate of the change
of the magnetic field, with respect to their latitude, and to their potential GIC impact on the U.K. power
network.
4.1. Variation With Latitude of the SC-Related Rate of Change of the Surface Magnetic Field
Fiori et al. (2014) showed that, on a global scale, the rates of change associated with SCs increase with
magnetic latitude up to a maximum at ∼ 65◦, for the subset of events that show enhanced rates of change at
high latitudes. This trend has been observed previously and suggested to be the result of a pair of traveling
vortical currents, generated by the coupling of a compressional wave to a transverse Alfvén wave (Araki,
1994). Fiori et al. (2014) examined the change in the X component of the field, and suggest that it is the
result of enhancement of the DP2 convection electrojets.
The HAD, ESK, and LER stations are found at magnetic latitudes of 47.37◦, 52.74◦, and 58.2◦, respectively;
these values were calculated using the International Geomagnetic Reference Field (IGRF) 2010 model.
Therefore, the locations of these stations would suggest that they may show an increase in R from low to
high latitudes. However, we have shown that during SC intervals the pattern of increasing R at larger lat-
itudes is not present, and the percentiles of R instead maximize at ESK, the station at the middle latitude
(∼ 53◦ magnetic latitude).
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This result could be caused by either the latitudinal location of phenomena that drive large R or by dif-
ferences in the ground conductivity local to the stations: The total measured magnetic perturbation is a
combination of that produced by the external (e.g., ionospheric) and induced currents (in the solid Earth)
(Tanskanen et al., 2001). Exploring the first option, the subauroral latitude of the ESK station would appear
to argue against the convection electrojets being responsible for the largest values of R. Meanwhile, the
compressional-Alfvén wave coupling model could be consistent with this result if the coupling occurred
preferentially at subauroral latitudes; however, this would not explain the previous observations showing
SC related field changes increasing toward the auroral zone (e.g., Araki, 1994; Fiori et al., 2014). Therefore,
it is more likely that it is an effect of the ground conductivity local to the stations, either because the values
of R at ESK are increased, or that the values of R at the highest latitude station (LER) are reduced/damped.
A potentially important difference between the stations are their geographical locations: ESK is located on
the U.K. mainland, while LER is located on the Shetland Islands, and so the magnetic perturbations from
induced currents may be different due to differing conductivity of the geology and seawater (Beamish et al., 
2002; Tanskanen et al., 2001). Interestingly, southern Scotland is known to be anomalously conductive
around the ESK station (e.g., Hutton et al., 1977). The conductivity explanation is also supported by the fact
that the ESK station has provided unexpectedly extreme results when considering the amplitude and return
period of large field variability (Thomson et al., 2011), a result independent of any SC-related mechanism.
Another potential reason for the inconsistency of the result with previous studies is that we have employed
the vector rate of change (R, defined in equation (1)), in contrast to the rate of change of the magnitude of H
used by Fiori et al. (2014). If the distinct definitions are causing the different results, then it would suggest
that large field rotations are significant at the latitude of ESK during SCs. Future work should explore the
prevalence of such large field rotations explicitly.
4.2. GIC Impact
SCs represent an important and potentially predictable cause of GICs in the United Kingdom and at similar
geomagnetic latitudes. Currently, the shocks that result in SCs can be first observed by spacecraft at L1,
providing less than 1 hr travel time to react and mitigate any potential GICs. In the future, it may be possible
to predict some shocks from data collected at L5, providing a greatly increased window of opportunity. This
work has shown that the probability of recording values of R greater than 10 nT/min are increased 30–100
times during SCs. However, they are very short lived and so contribute ≤ 8% of potentially damaging R.
Instead, SCs are known to often be followed by prolonged magnetospheric activity that can result in dam-
aging GICs (Clilverd et al., 2018; Pulkkinen et al., 2005). We have shown that, for the United Kingdom, the
percentiles of R are elevated above background levels for 3 days following an SC. Therefore, if an SC can be
predicted, then it can be said that the risk of significant GICs will last for approximately 3 days. During the
first day following an SC values of R between 10 and several hundred nT/min are 10 times more likely to
be measured. Further, if it can be forecast that the SC is likely to be followed by a geomagnetic storm, then
the values of R will be greater and the risk of large R is extended to 3 days. Conversely, if it can be predicted
that the shock will not cause a geomagentic storm and will therefore result in an SI, then the likelihood of
observing large R is lower.
Though these results have been derived with data from U.K.-based magnetometer stations, some of the
results may be qualitatively extrapolated to systems at similar geomagnetic latitudes. However, this work has
highlighted the importance of local effects in determining the precise magnitude of R, and so local studies
are required to fully assess the vulnerabilities of a location. Nonetheless, a result that is likely to be more
broadly applicable is the 3 day interval during which the largest R are observed following an SC. This result
can be attributed to the nature of the phenomena that cause large R at this range of latitudes.
In this work we have considered the immediate impact of SCs, as well as the intervals that follow. However,
we have not explored the effect of the local time of the station during such periods. The magnitude of dB∕dt
generated by interplanetary shocks has been shown to be dependent upon the local time of the station (e.g.,
Fiori et al., 2014; Oliveira et al., 2018), and therefore the local time of a region may further act to enhance or
reduce the risk of a large GIC. Future work should explore the effect of the local time on the magnitude of R.
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5. Summary
In this work we have analyzed the rate of change of the horizontal component of the magnetic field (R,
defined as in equation (1)) at three magnetometer stations spanning the latitudinal extent of the United
Kingdom during intervals related to SCs between 1996 and 2016. SCs are identifiable in ground based magne-
tometer data as sharp deflections in the horizontal components of the magnetic field, related to the impact of
a solar wind pressure pulse on the magnetosphere. Large rates of change of the horizontal ground magnetic
field are associated with potentially damaging ground induced currents (GICs) in power networks.
We have shown that the distributions of R during SCs are statistically shifted to larger values than the dis-
tributions for the full data set. Rates of change greater than 10 nT/min are 30–100 times more likely during
SCs. The lowest latitude station (HAD) shows the greatest shift relative to the original distribution. The per-
centiles of R are largest at the ESK station, and not the highest latitude station (LER) as may have been
expected. A maximum of 8% of the potentially damaging values of R are attributable to SCs at HAD, the low-
est latitude station, and this percentage reduces significantly with increasing latitude. At the highest latitude
station only a maximum of ∼ 0.75% of the extreme R values occur during SCs.
The sudden pressure increase that causes SCs can also have other effects, such as triggering geomagnetic
storms. We find that the percentiles of R recorded for 3 days following the SC are much greater than back-
ground levels. Indeed, in the 24 hr following an SC values of R between 10 and several hundred nT/min are
10 times more likely than during any random interval. Additionally, between 90% and 94% of the data above
the 99.97th percentile occurs within 3 days of an SC, depending on the station. All values of R ≥ 200 nT/min
occur within 3 days of an SC. Further, subdividing the SCs by whether they are followed by a geomagnetic
storm reveals that those that are followed by a storm show larger values of R during the SC itself, and are
also the only type that are followed by the 3 day interval of enhanced R.
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